With continued debate over the functional significance of adult neurogenesis, identifying an in vivo correlate of neurogenesis has become an important goal. Here we rely on the coupling between neurogenesis and angiogenesis and test whether MRI measurements of cerebral blood volume (CBV) provide an imaging correlate of neurogenesis. First, we used an MRI approach to generate CBV maps over time in the hippocampal formation of exercising mice. Among all hippocampal subregions, exercise was found to have a primary effect on dentate gyrus CBV, the only subregion that supports adult neurogenesis. Moreover, exercise-induced increases in dentate gyrus CBV were found to correlate with postmortem measurements of neurogenesis. Second, using similar MRI technologies, we generated CBV maps over time in the hippocampal formation of exercising humans. As in mice, exercise was found to have a primary effect on dentate gyrus CBV, and the CBV changes were found to selectively correlate with cardiopulmonary and cognitive function. Taken together, these findings show that dentate gyrus CBV provides an imaging correlate of exercise-induced neurogenesis and that exercise differentially targets the dentate gyrus, a hippocampal subregion important for memory and implicated in cognitive aging.
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hippocampus ͉ in vivo imaging ͉ cerebral blood volume ͉ angiogenesis T he hippocampal formation, a brain circuit made up of separate but interconnected subregions (1) , is vital for memory function (2) and is targeted by the aging process (3) . The dentate gyrus is the only hippocampal subregion that supports neurogenesis in the adult brain (4) (5) (6) . Nevertheless, because neurogenesis can only be assessed in postmortem tissue, its functional significance remains undetermined. With this limitation in mind, we have explored different imaging approaches applicable to rodents and humans that might provide an in vivo correlate of neurogenesis.
Although imaging radioligands designed to bind newly dividing cells is an attractive approach, positron emission tomography imaging suffers inherently poor resolution and cannot visualize the dentate gyrus. Additionally, radiolabeling newborn cells introduces potential safety concerns. For these reasons, we have focused on MRI technologies instead. Notably, a coupling has been established between neurogenesis and angiogenesis (7, 8) . The process of angiogenesis, in turn, gradually gives rise to the formation of new blood vessels, increasing regional microvascular density (9) (10) (11) (12) . Importantly, vascular density can be measured in vivo with imaging techniques that map regional blood volume. Numerous studies have established a tight relationship between angiogenesis and regional blood volume (13) (14) (15) (16) (17) , including in the brain where regional angiogenesis is coupled to regional cerebral blood volume (CBV) (18) (19) (20) (21) (22) (23) (24) (25) (26) .
Because CBV can be measured with MRI, we hypothesized that a regionally selective increase in hippocampal CBV might provide an imaging correlate of neurogenesis. This hypothesis was tested in mice in which in vivo imaging and postmortem analysis can be performed on the same subjects. We used an MRI approach that can generate hippocampal CBV maps repeatedly and safely over time in mice while simultaneously assessing multiple hippocampal subregions (27) . We exploited the capabilities of this approach to establish how hippocampal CBV maps change during physical exercise, a potent stimulant of dentate gyrus neurogenesis (28) , and tested whether CBV changes correlate with postmortem measurements of neurogenesis. Once these findings were established in mice, we were interested in determining how exercise affects the hippocampal CBV maps of humans. To accomplish this goal, we first optimized an MRI approach (29) previously shown to be capable of generating hippocampal CBV maps in non-human primates (30) and then charted exercise-induced CBV changes in the human hippocampal formation.
Results
Exercise Selectively Increases Dentate Gyrus CBV in Mice and Correlates with Neurogenesis. In designing our experimental protocol, we were guided by the observation that angiogenesis-induced sprouting of new blood vessels progresses through different stages, forming gradually over time (9) . Accordingly, mice were allowed to exercise for 2 weeks, the period during which neurogenesis reaches its maximum increase, and bromodeoxyuridine (BrdU), a marker of newly born cells, was injected daily during the second week. To capture the predicted delayed effect in CBV, mice were kept alive for 4 more weeks, then killed and processed for BrdU labeling. Hippocampal CBV maps (Fig. 1b) assessing the entorhinal cortex, the dentate gyrus, and the CA3 and CA1 subfields were generated four times over the 6-week experiment: at preexercise baseline and at weeks 2, 4, and 6. A control group following the identical protocol but without exercise was imaged in parallel.
A repeated-measure ANOVA was used to analyze the imaging data set (Fig. 1a) . A group-time interaction was found only for the dentate gyrus, showing that exercise was associated with a selective increase in dentate gyrus CBV (F ϭ 5.0, P ϭ 0.034). As shown by simple contrasts, the effect was driven by a maximum increase that emerged 2 weeks after the cessation of exercise, from week 2 to week 4 (F ϭ 5.9, P ϭ 0.021) (Fig. 1a) . The entorhinal cortex was the only other hippocampal subregion whose CBV increased appreciably over time, although not achieving statistical significance (Fig.  1a) . Although exercise might potentially affect CBV by increasing metabolism and cerebral blood flow, previous studies (31, 32) have shown that exercise-induced changes in metabolism should manifest during, not after, the exercise regimen. Thus, the observed spatiotemporal profile with which CBV emerged fits better with a model of exercise-induced angiogenesis in the dentate gyrus.
In agreement with previous studies (33), the exercise group was found to have greater BrdU labeling compared with the nonexercise group (F ϭ 9.8, P ϭ 0.004) (Fig. 2a) . More than 90% of BrdU-positive cells colabeled for NeuN, a neuron-specific marker (Fig. 2a) . To examine the relationship between neurogenesis and CBV, the repeated-measures model was again used and included BrdU as a covariate. A significant time-by-BrdU interaction was observed only for dentate gyrus CBV (F ϭ 3.3, P ϭ 0.039), driven primarily by changes from week 2 to week 4 (F ϭ 8.8, P ϭ 0.006). As shown by a direct analysis, this effect reflected a positive correlation between BrdU and changes in CBV from week 2 to week 4 (␤ ϭ 0.58, P ϭ 0.001) (Fig. 2b) . Of note, when BrdU was included as a covariate in the ANOVA, the group-time effect observed in the dentate gyrus was no longer significant, confirming that neurogenesis accounted for the exercise effect on CBV. Visual inspection of the relationship between changes in dentate gyrus CBV and BrdU (Fig. 2b) suggested that a quadratic vs. a linear model better characterized the relationship, which was confirmed by curve estimation analysis (linear model, R 2 ϭ 0.34 and P ϭ 0.001; quadratic model, R 2 ϭ 0.59 and P Ͻ 0.0001). Thus, the association between changes in dentate gyrus CBV and BrdU exists primarily when CBV increases with exercise (Fig. 2b) . Finally, to test whether neurogenesis was required for the observed increases in dentate gyrus CBV we relied on a previously described x-irradiation approach that selectively blocks dentate gyrus neurogenesis (55) . Four mice received x-irradiation, and three mice were sham controls. After a 3-month recovery period, all mice were imaged by using the exercise protocol. A repeated-measure ANOVA applied to the CBV data set revealed a group (x-ray vs. sham)-by-time interaction only for the dentate gyrus (F ϭ 7.6, P ϭ 0.04), showing that irradiation blocked the exercise-induced increases in CBV [supporting information (SI) Fig. 5 ].
Exercise Selectively Increases Dentate Gyrus CBV in Humans and
Correlates with Aerobic Fitness and Cognition. Once we established that dentate gyrus CBV provides a correlate of exercise-induced neurogenesis, we were interested in testing whether this effect is observed in exercising humans. CBV maps of the human hippocampal formation were generated by using our previously reported MRI approach, specifically tailored for imaging the primate hippocampal formation (30) . Eleven healthy subjects (mean age ϭ 33, ranging from 21-45 years; two males and nine females) participated in the study, completing a 3-month aerobic exercise regimen. Hippocampal CBV maps were generated before and after exercise. CBV values were reliably measured for all hippocampal subregions, except the CA3 subregion (Fig. 3b) . Compared with experimental animals, in humans it is impossible to control the interindividual differences in physical activity performed during daily life. Therefore, before and after exercise, we measured the maximum volume of oxygen consumption (VO 2 max), the gold standard measure of exercise-associated aerobic fitness (34, 35) to quantify individual differences in degree of exercise. Cognitive performance was assessed by using a modified Rey Auditory Verbal Learning Test (36) , whose design allows cognition to be tested across different learning trials and during delayed recall, recognition, and source memory. Ten subjects were cognitively assessed after exercise, eight of whom were assessed at preexercise baseline.
A repeated-measures ANOVA used to analyze the imaging data showed that the dentate gyrus was the only hippocampal subregion whose CBV significantly increased over time (F ϭ 12, P ϭ 0.006) (Fig. 3a) . As in mice, the entorhinal cortex was the only other hippocampal subregion whose CBV increased appreciably over time, although not achieving statistical significance (F ϭ 4.3, P ϭ 0.064) (Fig. 3a) . As a group, VO 2 max values significantly increased over time (F ϭ 11.6, P ϭ 0.007) (Fig. 4a) , and, to confirm that the imaged changes were directly related to exercise and not simply caused by a test-retest effect, we found that individual differences in dentate gyrus CBV were correlated to individual changes in VO 2 max (␤ ϭ 0.662, P ϭ 0.027) (Fig. 4b) . Importantly, a correlation between CBV and VO 2 max was not observed for any other hippocampal subregion, including the entorhinal cortex (Fig. 4b) , confirming that exercise has a selective effect on dentate gyrus CBV.
Cognitively, individuals performed significantly better on trial 1 learning (F ϭ 7.0, P ϭ 0.027) after exercise, with a trend toward improvement on all-trial learning (F ϭ 5.0, P ϭ 0.053) and delayed recall (F ϭ 5.0, P ϭ 0.057). There was no effect on delayed recognition (F ϭ 0.19, P ϭ 0.67) or source memory (F ϭ 0.15, P ϭ 0.25) (Fig. 4a) . To test that cognitive improvement was related to exercise per se, we found that individual changes in trial 1 learning were correlated with individual changes in VO 2 max (␤ ϭ 0.660, P ϭ 0.037). However, because only 8 of the 10 subjects completed preexercise cognitive testing, we repeated the analysis with postexcercise cognitive performance scores. Again, we found that changes in VO 2 max correlated exclusively with postexercise trial 1 learning (␤ ϭ 0.70, P ϭ 0.026) (Fig. 4b) . Additional analyses showed that the correlation between changes in VO 2 max and cognition was selective to trial 1 learning (Fig. 4b) , thereby confirming that, despite apparent increases in other cognitive measures (i.e., delayed recognition, as shown in Fig. 4a ), this particular measure was selectively influenced by exercise.
Finally, we examined the relationship between cognition and CBV. Among all hippocampal subregions, the correlation between improvements in trial 1 performance and increases in dentate gyrus CBV was the only one that trended toward significance (␤ ϭ 0.62, P ϭ 0.052). Because of the missing preexercise data, we repeated all of the analyses comparing changes in CBV with postexercise cognition, finding an exclusive correlation between postexercise trial 1 learning and dentate gyrus CBV (␤ ϭ 0.63, P ϭ 0.026) (Fig. 4b) .
Discussion
Taken together, our findings show that, within the hippocampal formation, exercise targets the dentate gyrus with regional selectivity. In addition, our results identify that, in mice, dentate gyrus CBV is an imaging correlate of exercise-induced neurogenesis.
Because of its pleiotropic effect on the brain (37, 38) , the subregional selectivity that exercise was found to have within the hippocampal formation was an unexpected finding. This observation is particularly interesting in light of studies suggesting that the dentate gyrus is a hippocampal subregion differentially vulnerable to the aging process, as shown in humans (39, 40) , nonhuman primates (30, 41) , and rodents (30, 42) , and that dentate gyrus dysfunction contributes to cognitive aging (30, 40) . Interestingly, a growing number of studies have established that exercise ameliorates age-related cognitive decline (43) (44) (45) (46) . Thus, the effect that exercise was observed to have on the dentate gyrus likely contributes to the reported cognitive benefits exercise has on the aging brain.
Because neurogenesis couples with angiogenesis (7, 8) and angiogenesis, in turn, couples with CBV (18-26), we hypothesized that measures of CBV might provide an in vivo correlate of neurogenesis. This hypothesis is based in part on our previous findings that exercise increases both neurogenesis and angiogenesis in young adult rodents (43) . We have confirmed this prediction with our high-resolution MRI techniques, which are capable of assessing individual hippocampal subregions, showing that dentate gyrus CBV selectively correlates with underlying neurogenesis in mice. Blocking the exercise-induced CBV effect with irradiation, a neurogenesis suppressant, further confirms that neurogenesis underlies the observed increases in CBV. However, in the absence of direct measurements, we have not confirmed that angiogenesis is the intermediate factor that accounts for this relationship. Mechanistically, there are many molecules that may be mediating the exercise-induced coupling between neurogenesis and angiogenesis (47), including VEGF (8) or exercise-induced changes in BDNF (48) .
The remarkable similarities between the exercise-induced CBV changes in the hippocampal formation of mice and humans suggest that the effect is mediated by similar mechanisms. Of course, in contrast to mice, it is impossible to directly confirm whether the changes in dentate gyrus CBV observed in humans are a reflection of neurogenesis. Nevertheless, previous rodent studies have shown that levels of neurogenesis are coupled with individual differences in degree of exercise (28) . Therefore, together with the crossspecies similarities on hippocampal CBV, the observation that exercise-induced changes in dentate gyrus CBV correlate with VO 2 max supports the interpretation that the human effect is mediated, at least in part, by neurogenesis.
In any case, our results show that in vivo imaging can predict levels of neurogenesis in living mice. Furthermore, as demonstrated, the MRI technologies used in these studies are capable of measuring meaningful changes in dentate gyrus CBV over time in both humans and mice. By providing evidence in support of exerciseinduced neurogenesis and by introducing the tools needed to achieve this goal, this study shows that it is possible to isolate the specific profile of cognitive changes that are neurogenesisdependent. Furthermore, the imaging tools presented here are uniquely suited to investigate potential pharmacological modulators of neurogenesis, testing their role in treating depression (49) and in ameliorating the cognitive decline that occurs in all of us as we age (43, 50) .
Methods
Exercise. Mice. A total of 46 C57BL/6 mice (7 weeks old) were used (23 exercising and 23 nonexercising animals). The experimental mice were placed in cages with running wheels (Lafayette Instrument Company, Lafayette, IN). The animals ran voluntarily for 2 weeks. MRI images were acquired at the following time points: week 0 (baseline), week 2 (when exercise was stopped), week 4, and week 6. The thymidine analog BrdU marker was injected i.p. for 7 consecutive days (60 mg⅐kg Ϫ1 ⅐day Ϫ1 ) during the second week of the experiment. At week 6, the animals were anesthetized and killed in accordance with institutional guidelines.
Human. Eleven subjects (mean age, 33 ranging from 21-45 years; 2 males and 9 females) who fulfilled the American Heart Association criteria for below-average aerobic fitness (VO 2 max, Ͻ43 for men and Ͻ37 for women) were recruited (51). The 11 enrolled subjects engaged in an exercise training protocol for 12 weeks at Columbia University Fitness Center at a frequency of four times a week. Each exercise session lasted Ϸ1 h: 5 min of low-intensity warm-up on a treadmill or stationary bicycle, 5 min of stretching, 40 min of aerobic training, and 10 min for cool down and stretching. During the 40 min of aerobic activity, subjects were permitted to select from cycling on a stationary ergometer, running on a treadmill, climbing on a StairMaster, or using an elliptical trainer.
VO 2 max was measured by a graded exercise test on an Ergoline 800S electronic-braked cycle ergometer (SensorMedics, Anaheim, CA). Each subject began exercising at 30 W for 2 min, and the work rate was continually increased by 30 W each 2 min until VO 2 max criteria (respiratory quotient of Ն 1.1, increases in ventilation without concomitant increases in VO 2 , maximum age-predicted heart rate, and/or volitional fatigue) were reached. Minute ventilation was measured by a pneumotachometer connected to a FLO-1 volume transducer module (Physio-Dyne Instrument Corporation, Quogue, NY). Percentages of expired oxygen (O 2 ) and carbon dioxide (CO 2 ) were measured by using a paramagnetic O 2 analyzer and an infrared CO 2 analyzer connected to a computerized system (MAX-1; Physio-Dyne Instrument Corporation). These analyzers were calibrated against known medical grade gases. The highest VO 2 value attained during the graded exercise test is considered VO 2 max.
In Vivo Imaging. Mice. Mice were imaged with a 9.4-T Bruker scanner (AVANCBV 400WB spectrometer; Bruker NMR, Billerica, MA) by following a previously described protocol (27) . Briefly, axial T2-weighted images were optimally acquired with a fast sequence (time to repeat/effective echo time ϭ 2,000 ms/70 ms; 30-mm i.d. birdcage radio frequency probe; shielded gradient system, 100 g/cm; rapid acquisition with relaxation enhancement factor, 16; field of view, 19.6 mm; acquisition matrix, 256 ϫ 256; no. of slices, 8; slice thickness, 0.6 mm; slice gap, 0.1 mm; number of excitations, 28). Five sets of images were acquired sequentially, each requiring 16 min. The first two sets were precontrast. Gadodiamide was then injected (13 mmol/kg i.p.) through a catheter placed intraperitoneally before imaging. The last three sets corresponded to the postcontrast images. To prevent head motion and reduce anxiety, the animals were anesthetized with isoflurane gas [1.5% (vol/vol) for maintenance at 1 liter per minute of air flow) via a nose cone. Isoflurane was chosen because it induces minimal cerebral hemodynamic change (52) . Monitoring of the heart rate, respiratory rate, and oxygen saturation was performed during the whole Fig. 3 . Exercise selectively increases dentate gyrus CBV in humans. (a) Exercise had a selective effect on dentate gyrus CBV. Bar graph shows the mean relative CBV (rCBV) values for each hippocampal subregion before exercise (open bars) and after exercise (filled bars). As in mice, the dentate gyrus was the only hippocampal subregion that showed a significant exercise effect, whereas the entorhinal cortex showed a nonsignificant increase in CBV. procedure. Relative CBV was mapped as changes of the transverse relaxation rate (⌬R 2 ) induced by the contrast agent. When the contrast agent reaches uniform distribution, CBV maps can be measured from steady-state T2-weighted images as CBV ϱ ⌬R 2 ϭ ln(S pre /S post )/TE, where TE is the effective echo time, S pre is the signal before the contrast administration, and S post is the signal after the contrast agent reaches steady-state. To control for differences in levels of contrast administration, cardiac output, and global blood flow, the derived maps were normalized to the maximum 4-pixel signal value of the posterior cerebral vein. Visualized anatomical landmarks were used together with standard atlases to identify the localization of four hippocampal subregions: the dentate gyrus, the CA3 subfield, the CA1 subfield, and the entorhinal cortex (53) . The normalized CBV measurements from each subregion were used for group data analysis. Human. Subjects were imaged with a 1.5-T scanner Intera scanner (Philips, Amsterdam, The Netherlands). As previously described (30) , coronal T1-weighted images (repetition time, 20 ms; echo time, 6 ms; flip angle, 25°; in-plane resolution, 0.86 ϫ 86 mm; slice thickness, 4 mm) were acquired oriented perpendicular to the hippocampal long-axis before and 4 min after i.v. administration of the contrast gadolinium (0.1 mmol/kg). The difference between precontrast and postcontrast images was used to access the regional CBV map. To control for differences in levels of contrast administration, cardiac output, and global blood flow, the derived differences in signal intensity were normalized to the maximum 4-pixel signal value of the sagittal sinus (29) . For each subject, the precontrast scan was used to identify the slice with the best visualization of the external morphology and internal architecture of the hippocampal formation. Visualized anatomical landmarks were used together with standard atlases to identify the general locale of four subregions: the dentate gyrus, the CA1 subfield, the subiculum, and the entorhinal cortex (30) . The normalized CBV measurements from each subregion were used for group data analysis. 37°C, followed by washing in boric buffer (pH 8.5). After washing, sections were incubated for 30 min in 10% H 2 O 2 to eliminate endogenous peroxidases. After blocking with 3% normal donkey serum in 0.2% Triton X-100, sections were incubated with monoclonal anti-BrdU (1:600; Roche, Basel, Switzerland) overnight at 4°C. Sections were then incubated for 1 h at room temperature with the secondary antibody (biotinylated donkey anti-mouse; Jackson ImmunoResearch Laboratories, West Grove, PA) followed by amplification with an avidin-biotin complex (Vector Laboratories, Burlingame, CA), and visualized with diaminobenzidine (Sigma, St. Louis, MO). For double-immunolabeling, free-floating sections were incubated in a mixture of primary antibodies, anti-BrdU (1:600; Roche), and anti-NeuN (1:500; Chemicon, Temecula, CA), raised in different species overnight. For visualization, Alexa Fluorconjugated appropriate secondary antibodies (1:300; Molecular Probes, Eugene, OR) raised in goats were used for 1 h at room temperature. Blocking serum and primary and secondary antibodies were applied in 0.2% Triton X-100 in PBS. Sections for fluorescent microscopy were mounted on slides in VECTASHIELD (Vector Laboratories). For control of the specificity of immunolabeling, primary antibodies were omitted and substituted with appropriate normal serum. Slides were viewed with a confocal microscope [Radiance 2000 (Bio-Rad, Hercules, CA) mounted on a E800 microscope (Nikon, Tokyo, Japan)]. The images presented are stacks of six to 16 optical sections (step, 1 mm) that were collected individually (in the green and red channels) or simultaneously with precaution against cross-talk between channels. The images were processed with PhotoShop 7.0 (Adobe Systems, San Jose, CA) without contrast and brightness changes in split images. Quantitation of BrdU labeling. Every sixth section throughout the hippocampus was processed for BrdU immunohistochemistry. Ten sections were used for each animal. All BrdU-labeled cells in the dentate gyrus (granule cell layer and subgranular zone) were counted under a light microscope by an experimenter blinded to the study code. The average number of BrdU-labeled cells was then derived for each animal.
Cognitive testing. Declarative memory was measured with a version of the Rey Auditory Verbal Learning Test (36) modified to increase variability in memory performance among healthy young adults. Twenty nonsemantically or phonemically related words were presented over three learning trials in which the test administrator read the word list and the subject free-recalled as many words as possible. Administration of the three learning trials was immediately followed by one learning trial of a distracter list and then a short delayed free recall of the initial list. After a 90-min delay period, subjects were asked to freely recall words from the initial list and then to freely recall items from the distracter list. After a 24-hr delay period, subjects were contacted by telephone and asked to freely recall items from the initial list and then from the distracter list. They were then administered a forced-choice recognition trial in which they were required to identify the 20 words from the initial learning trial among semantically and phonemically related words, as well as words from the distracter trial. Finally, a source memory trial was administered in which subjects were read a list containing only words from the initial learning list and from the distracter list and were asked to identify from which list each word came. Two forms of the verbal learning test were created, and the administration order was counterbalanced. As in previous studies (54), we measured words correctly recalled on the first trial of the initial learning trials, the average number of words recalled across the three learning trials, the number of words from the initial learning trial that were correctly recalled after a short delay (Ͻ5 min), the number of words from the initial learning trial that were correctly recalled after a 90-min delay, the number of items correctly identified on the recognition trial, and the correct number of items identified on the source memory trial.
